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METHOD FOR STARTING A SENSORLESS. ELECTRONICALLY COMMUTATABLE 

DIRECT CURRENT MOTOR 



[0001] Prior Art 



[0002] The invention relates to a method for starting a sensorless, electronically 
commutatable direct current motor as generically defined by the preamble to claim 1 . One 
such method is known for instance from the dissertation D 93 by Volker Bosch at the 
University of Stuttgart, entitled " Elektronisch kommutiertes Einzelspindelantriebssystem " 
[Electronically Commutated Single-Spindle Drive System], Shaker Verlag, Aachen, 2001. In 
such electronically commuted direct current motors, which do not detect the rotor position via 
sensors, the absolute position of the rotor at a standstill is not known. For initial positioning 
of the motor, the rotor is therefore first put in a predetermined outset position at the onset of 
the startup operation, which is done by supplying two or three phases of the motor with 
current, so that the rotor aligns itself accordingly. After a defined waiting period, a controlled 
startup of the motor then takes place by incremental delivery of current to further phases of 
the motor. The method for sensorless rotor position detection described in the aforementioned 
publication, however, on principle furnishes a reliable position signal only above a 
predetermined minimum rpm of the rotor, and this method can therefore not be used directly 
for starting the motor. The motor startup is thus done in a controlled way rather than 
regulated; that is, blocking of the rotor cannot be immediately detected and corrected. For 
motors with variable loading, this known method is therefore only conditionally suitable. 
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[0003] The object of the invention is to improve the known method in such a way that with 
the least possible engineering effort and expense, the startup of such a motor with sensorless 
rotor position detection can also be done in a regulated way, with the duration and amount of 
the supply of starting current being adaptable to the particular load on the motor. Besides 
rapid detection of blocking of the motor, a reliable startup under heavy load, or startup of the 
motor at low load, should be attained in the shortest possible time. 

[0004] This object is attained by the definitive characteristics of claim 1. In particular, it is 
now possible, by sensorless position detection of the rotor already at a standstill, to attain a 
reliable, load-dependent regulation of the startup operation of the motor, and furthermore, 
once a predetermined minimum value of the rotor rpm is exceeded, to employ an 
advantageous different kind of speed governing of the motor by means of evaluating the third 
and/or further odd-numbered harmonics of the phase voltages. For ascertaining the position of 
the rotor at a standstill, recourse may be had to a method known from German Patent 
Disclosure DE 101 62 380 Al, with which a preliminary delivery of current for rotating the 
rotor into a defined outset position is unnecessary. After the startup of the machine and 
especially at high rpm, however, this known method becomes very complex and requires a 
very high-powered, fast computer for ascertaining the current rotor position at the time, 
knowledge of which is necessary for the regulation. 

[0005] Beyond a certain minimum rpm of the rotor of the machine, sensorless rotor position 
detection can advantageously be employed on the basis of detecting the third harmonic, in the 
way fundamentally described in European Patent Disclosure EP 735 663 Bl or in the 
aforementioned dissertation D 93 at the University of Stuttgart. By means of a suitable 
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combination of the two methods, known per se but based on very different findings and 
methods, with a novel startup control, it becomes possible to create a reliable, economical 
regulation of a sensorless, electronically commutatable direct current motor, in which in 
accordance with the stated object a regulated start from a standstill and an expedient 
regulation of the motor in normal operation are attained. 

[0006] It has proved to be especially advantageous for the implementation of the method in 
terms of circuitry if, after the resting position of the rotor has been ascertained, the zero 
voltage signal of the machine, picked up and integrated from the third and/or further odd- 
numbered harmonics of the phase voltages on the one hand via a star point of the stator 
windings and on the other via an auxiliary star point formed of three phase windings, on the 
one hand at a standstill and at the onset of the startup operation of the motor via an A/D 
converter and on the other in the range above a predetermined minimum value of the rotor 
rpm, are delivered to the control device for the switching device of the motor via a 
comparator with hysteresis. Thus with an economical computer, both a simple position 
determination of the rotor at a standstill, with the possibility of load-dependent dimensioning 
and regulation of the startup current of the motor, is attained on the one hand, and on the 
other, the possibility is attained of regulating regulate the machine in normal operation, 
without the requisite high computation expenditure for the applicable determining of the rotor 
position at high rpm. 

[0007] The nucleus of the control device is a microcontroller, to which on the one hand the 
output signals of a comparator for determining the position of the rotor at a standstill and on 
the other the output signals of an integrator for speed governing upon startup and in normal 
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operation are delivered. Via the outputs of the microcontroller of the control device, the 
commutation and control of the phase currents is done, in a fundamentally known way, by 
means of a full-bridge inverter circuit constructed with MOSFET transistors, which circuit is 
operated via an associated transistor driver with pulse width modulation. 

[0008] Further details an advantageous features of the method of the invention will become 
apparent from the description of the exemplary embodiment and from the dependent claims. 

[0009] The drawing, in 

[0010] Fig. 1, shows a three-phase, sensorless, electronically commutatable direct current 
motor with a permanent-magnetically excited rotor, and in 

[001 1] Fig. 2, the basic course over time of the integrated analog rotor position signal during 
the startup. 

[0012] In Fig. 1,10 designates the positive pole and 12 the negative pole, connected to 
ground, of a direct voltage source, which supplies an inverter 14 constructed as a six-pulse 
converter bridge with MOSFET transistors. The outputs of the inverter are connected via 
leads 16, 18, 20 to the phase windings U, V, W of the stator 22 of a sensorless, electronically 
commutatable direct current motor, whose permanent-magnetically excited rotor is shown at 
24. A double arrow 26 at the rotor 24 indicates that the rotor can be driven in opposite 
directions of rotation. 
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[0013] Via a further output of the inverter 14, the current in the direct voltage circuit, upon 
the imposition of current pulses on the phase windings U, V, W, is delivered to a measuring 
shunt 27, connected to ground, for ascertaining the rotor position at standstill of the machine. 
The voltage drop at the shunt 27 is compared in a comparator 25 with a reference voltage 
Uref, and the output signal of the comparator 25 is delivered, for ascertaining the rotor 
standstill position, to a control device 54, where in accordance with the fastest current rise in 
the phase windings U, V, W, resulting from the position of the rotor, the rotor position can be 
determined. This method is described in detail in DE 101 62 380 Al, the discussions in which 
are incorporated by reference. 

[0014] The phase windings U, V, W are connected together to a star point 28; a further star 
point 30 is formed by means of three phase resistors 32, 34, 36, the ends of which are on the 
one hand connected together to the star point 30 and on the other are connected by the leads 
16, 18, 20 to the phase windings U, V, W. Moreover, the phase resistors 32, 34 and 36, 
together with a resistor 38, form a first voltage divider, which is connected to ground and 
whose tap 37 is connected to the negative input of an operational amplifier that is wired as an 
integrator 46. The positive input of the integrator 46 is located at the tap 41 of a voltage 
divider formed of two resistors 42 and 44; the end of the resistor 44 remote from the tap 41 is 
connected jointly with the corresponding end of the resistor 38 to ground. The integrator 46 is 
constructed in one piece of an operation amplifier. With regard to the base point of the 
voltage divider connected to the two star points 28 and 30, it may be necessary for the joined- 
together ends of the resistors 38 and 44 to be connected to an auxiliary voltage source 48, 
shown in dashed lines, which if a unipolar voltage source is employed furnishes the resting 
signal for the position detection. 



[0015] The output of the integrator 46 is connected to a microcontroller (jxC) of the control 
device 54, on the one hand via an AID converter 50 and on the other via a comparator 52 with 
hysteresis. The microcontroller is supplied at further inputs with a signal 56 for the rated rpm 
of the machine as well as the output signal of the comparator 25. The outputs of the 
microcontroller are connected via a pulse width modulator 58, an up/down counter 60, and an 
enabling connection 61, to a transistor driver 62 for the inverter 14. The up/down counter 60 
is moreover also connected to the output of the comparator 52. From the microcontroller of 
the control device 54, the up/down counter 60 receives signals about the rotor starting 
position, a charge signal, an enable signal, and a signal for the up and down counting, 
depending on the desired clockwise or counterclockwise rotation of the motor. All the 
connecting lines are represented by single lines; the actual number of lines for the individual 
connections is represented in each case by a number. The lead to the pulse width modulator 
58 is marked 64; the lead to the counter 60 for the rotor starting position is marked 66; the 
lead for charging the counter is marked 68; the lead for the enabling of the counter is marked 
at 70; and the lead for the clockwise and counterclockwise rotation is marked 72. 

[0016] The method of the invention for starting a sensorless, electronically commutatable 
direct current motor with a permanent-magnetically excited rotor functions as follows: 

[0017] Before starting of the motor, first the current position at a standstill is ascertained, by 
means of the measurement shunt 27, a reference voltage Uref, the comparator 25, and the 
microcontroller \iC. One method suitable for this is described for instance in DE 101 62 380 
Al. In it, first a plurality of brief current pulses is imposed via the inverter 14 on the phase 
windings U, V, W; upon each current pulse, a current rise occurs in the stator windings, 
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whose rise speed is dependent on the position of the rotor 24. The times until a predetermined 
threshold is reached are measured at the comparator 25. A plurality of test current pulses is 
imposed in succession on the stator windings in such a way that the test current pulses 
generate stator magnetomotive force vectors in the stator that are offset by equal angular 
intervals over the course of 360°(el.). For each stator magnetomotive force vector, the current 
rise time in the direct voltage circuit being supplied is measured, and the phase relationship of 
the stator magnetomotive force vector having the shortest current rise time defines the rotor 
position. In detail, this method suitable for determining the standstill position of the rotor is 
described in detail in the aforementioned published reference and need not be described at 
length again here. 

[0018] After the rotor position has been determined and before the motor is started, the 
up/down counter 60 is acted upon, by the microcontroller of the control device 54, by a 
starting value which corresponds to the previously ascertained rotor starting position. The 
further method for starting the machine and governing its speed is then based on a method for 
sensorless rotor position detection by evaluation of the third and/or further odd-numbered 
harmonics of the phase voltages of the motor. Because of the non-sinusoidal field distribution 
in the air gap, these phase voltages have harmonics, and because the exciter field distribution 
is symmetrical relative to the pole center, only the odd-numbered harmonics occur. Because 
of the trapezoidal to square wave course of the air gap flux density, the third harmonic of the 
flux density, which then also appears as a third harmonic in the phase voltages, has a 
considerable magnitude, while the remaining harmonics can as a rule ignored here. 
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[0019] As a result of the star connection of the phase windings U, V, W, no third current 
harmonics occur in the individual windings, since the third harmonics induced in all three 
phases are equal in both phase and amount. The third harmonics thus form a zero system, 
which results readily from the voltage difference between the star point 28 of the phase 
windings and an artificial star point, formed by the three phase resistors 32, 34, 36, since this 
artificial star point 30 does not simulate a zero voltage system. 

[0020] For starting the motor, the voltage difference between the two star points 28 and 30 is 
first ascertained, by applying the two star point voltages, via the taps 37 and 41 of voltage 
dividers having the parallel-connected phase resistors 32, 34, 36 and the resistor 38, or the 
resistors 42 and 44, to the inputs of the integrating differential amplifier 46. The tap 37 of the 
voltage divider at the star point 28 of the phase windings is connected to the positive input, 
and the tap 41 at the voltage divider of the resistor star point 30 is connected to the negative 
input of the integrator 46. The two star point voltages are referred to ground potential via the 
voltage dividers. 

[0021] The differential signal at the inputs of the integrator 46 is a purely alternating voltage; 
the amplitude of the differential signal is proportional to the amplitude of the pole wheel 
voltage. Since that increases with increasing motor rpm, the operational amplifier used is 
wired as an integrator 46, to avoid overamplification. The two functions of the operational 
amplifier form an integrator 46 with differential inputs; at the output of the integrator 46, a 
voltage of constant amplitude is generated. A phase displacement of the output voltage of the 
integrator 46 compares to its input voltage also results, such that the chronological location of 
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the zero crossovers at the output of the integrator 46 correspond to the extreme values of the 
third harmonic and thus to the commutation times of the inverter 14. 

[0022] Fig. 2 shows the basic course over time of the analog position signal JU3 during the 
startup operation. At time Tl, this is a resting signal. At time Tl, the rotor 24 begins to move, 
but only approximately at time T2 does the square-wave output signal of the comparator 52 
that functions with hysteresis furnish usable position information. The curve shape with the 
turning point at T2, the subsequent maximum or minimum, or an absolute value of the signal 
may be used for ascertaining continuous position information. The curve shown in dashed 
lines in Fig. 2 indicates that depending on the outset position of the rotor 24, the signal can 
either rise after the start of the motor, as indicated by the solid line, or fall, as indicated by the 
dashed line; the dashed line represents a mirroring at the straight line as a result of the resting 
value of the signal. 

[0023] The rotor position signal at the output of the integrator 46 is simultaneously delivered 
to both the comparator 52 that functions with hysteresis and the A/D converter 50. At the 
output of the integrator 46, an analog rotor position signal JU3, which in a first approximation 
is sinusoidal, is available; via the A/D converter 50, this signal is delivered to the 
microcontroller juC, so that the control device 54 can detect the value of this signal at an any 
time. The A/D converter 50 furnishes the microcontroller with the current position signal as 
an 8-bit value in binary form, and each crossover of the rotor position signal by the resting 
value (Fig. 2) corresponds to precisely one trailing or leading edge. 
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[0024] The binary signal of the comparator 52 is also applied to the binary up/down counter 
60, which counts upward or downward by one value at each edge of the binary position 
signal. The counter recognizes six states, each corresponding to 60°el. of the position of the 
rotor 24. The microcontroller of the control device 54, via the lead 70, enables the counter 60, 
and via the lead 72, it determines the direction of rotation of the motor by means of the 
upward or downward counting direction. Via the lead 68, the counter 60 receives the signal 
"charge", whereupon it is initialized with a 3-bit-wide starting value via the lead 66 in 
accordance with the previously ascertained starting position of the rotor 24. From the 
up/down counter 60, the six possible counter states are then delivered as a 3 -bit datum to the 
transistor driver 62 for the inverter 14, which from the counter state determines the switch 
elements that are to be updated. These are preferably MOSFET transistors. 

[0025] Downstream of the up/down counter 60, the pulse width modulator 58 is also 
initialized with a starting value by the microcontroller jxC, via the lead 64. The control of the 
switch elements of the inverter 14 is done in accordance with the duty cycle, predetermined 
by the pulse width modulator 58 via the transistor driver 62, and the motor voltage is 
predetermined to the pulse width modulator 58 as a binary signal by the microcontroller of 
the control device 54. The enabling of the transistor driver 62 is done directly by the motor 
controller via the enabling connection 61 . Via the A/D converter 50, the microcontroller now 
tracks the value of the analog position signal, as is shown in Fig. 2. It increases the motor 
voltage, delivered to the phase windings U, V, W of the stator 22 from the inverter 14, to 
above the binary value delivered to the pulse width modulator 58 until such time as the 
analog position signal at the output of the integrator 46 departs from its resting value, shown 
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in Fig. 2, at time Tl. At this time, the holding torque of the motor with the load connected to 
it is overcome, and the rotor position signal JU3 rises, for instance in the form shown in 
Fig. 2, above its resting level and at time Tl passes for the first time through a turning point; 
at time T3, it reaches a relative maximum or minimum, and already at time T4 it changes over 
to a virtually sinusoidal course, corresponding to the third harmonic of the phase voltages. If 
the analog rotor position signal JU3 deviates by a defined value from its resting level R, or in 
other words if the signal passes through a turning point, then the microcontroller enables the 
up/down counter 60, so that this counter now automatically counts onward by one increment 
as a result of each edge of the binary position signal at the output of the comparator 52 and as 
a result brings about the commutation of the motor current. Next, the speed governing of the 
motor is done, in accordance with the signal for the rated rpm applied to the microcontroller 
of the control device 54, by way of the adjusting of the pulse width modulator 58. To that 
end, the frequency or the period duration of the binary rotor position signal at the output of 
the comparator 52 is measured out by the microcontroller of the control device 54. 

[0026] In summary, it can be stated that by means of the method of the invention for starting 
an electronically commutatable direct current motor, not only is a regulated operation of the 
motor in the predetermined rpm range achieved in an especially advantageous way, but the 
startup of the motor can also already be done in a regulated form and monitored for 
malfunctions. This is made possible because first, before the actual starting operation, the 
resting position of the rotor is ascertained, which with a rotor at a standstill requires only little 
computation speed and accordingly a comparatively simple, economical microcontroller |aC 
for the control device 54. By the ensuing targeted supply of current to two of the phase 
windings U, V, W, in such a way that between the axes of the rotor and stator magnetomotive 
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force an angle of between approximately 60°el. and 120°el., preferably approximately 90°el. 5 
the rotor 24 from the standstill experiences the maximum possible accelerating torque. Next, 
the current in the phase windings of the stator 22 is increased until such time as the rotor 24 
begins to rotate, whereupon the output signal of the integrator 46 departs from its resting level 
R. If the integrator signal exceeds or drops below a defined limit value, the self-commutation 
is then enabled by the edges of a binary rotor position signal. Thus with little expense for 
circuitry, by means of the measures taken a load-dependent regulation is achieved without the 
risk of blocking of the motor upon startup. 
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